Reductively [3Hlmethylated 3H mitochondrial-outer-membrane vesicles from rat liver and vesicles where monoamine oxidase has been derivatized irreversibly by [3Hl-pargyline have been deliberately miscompartmentalized by heterologous transplantation into hepatoma (HTC) cells by poly(ethylene glycol)-mediated vesicle-cell fusion. Fluorescein-conjugated mitochondrial-outer-membrane vesicles have also been used to show that transplanted material is patched, capped and internalized. Reductively methylated outer-membrane proteins and monoamine oxidase are destroyed at the same rate (t1 24 h). Mitochondrial-outer-membrane proteins are not degraded at the same rate as HTC plasma-membrane proteins, endogenous cell protein, or endocytosed protein.
However, when mitochondrial-outer-membrane vesicles derivatized with ["4CIsucrose are transplanted, the acid-soluble degradation products accumulate in the lysosomal fraction. ['4C]Sucrose-conjugated HTC cell plasma membrane accumulates in intracellular structures that are again distinct from plasma membrane and lysosomes. In contrast with the above observations, homologously transplanted mitochondrialouter-membrane proteins from rat liver are destroyed in hepatocytes at rates that are remarkably similar (tj 60-70h) to the rates in rat liver in vivo Biochem. B iophys. Res. Commun. 107, 51-581.
Intracellular proteins are degraded at rates that are characteristic of cell type and that can be modulated nutritionally, hormonally and in pathological states.
We have recently proposed that the diversity of degradation rates within biosynthetically defined cytomorphological sites is more limited than generally supposed . This view is supported by the unit-turnover hypothesis for the plasma membrane (Tweto & Doyle, 1977) and the similarity of degradation rates for proteins in the mitochondrial inner membrane (Druyan et al., 1969;  Abbreviations used: MOM, mitochondrial outer membrane; HTC, hepatoma tissue culture; EMEM, Eagle's minimal essential medium; HBSS, Hanks balanced salt solution; PEG-1000, poly(ethylene glycol) 1000; EBSS, Earle's balanced salt solution; Tricine, N-[2-hydroxy-1, 1-bis(hydroxymethyl)ethyllglycine.
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Vol. 216 Aschenbrenner et al., 1970; Ip et al., 1974) . Limited populations of degradation rates within a single cytomorphological site may be due to the action of different degradation systems, i.e. selective and non-selective. A dual mechanism for protein degradation (lysosomal and non-lysosomal) has been proposed from studies with inhibitors and extracellular modulators of intracellular proteinolysis (Knowles & Ballard, 1976) . Lysosomal autophagy may be (for reviews, see Dean & Barrett, 1976; Ballard, 1977) responsible for nonselective destruction of proteins in each biosynthetically defined subcellular site. However, little is known about the selective process(es). Features of protein structure have been proposed to determine degradation rate (Dehlinger et al., 1971 ; Dice & Goldberg, 1975; Bohley et al., 1977 ), but we could find no evidence relating either protein size or charge to degradation rate for proteins in defined cytomorphological sites in rat liver .
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Therefore limited heterogeneity of degradation (populations of degradation rates) in subcellular sites may be determined by the biochemical characteristics of each cytomorphological site. We decided to examine this possibility by the deliberate miscompartmentalization of prelabelled MOM (mitochondrial-outer-membrane) vesicle proteins into hepatoma plasma membrane by poly-(ethylene glycol)-mediated MOM-hepatoma-cell fusion. This heterologous transplantation of liver MOM into hepatoma cells allows elucidation of the information content of MOM and its proteins in determining intrinsic protein-destruction rates.
The results show that transplanted MOM is not retained in the hepatoma plasma membrane. The MOM is rapidly internalized by a process analogous to lymphocyte patching and capping. Subsequent degradation is more rapid than that observed for MOM proteins in rat liver in vivo (Russell et al., 1980 or for MOM proteins homologously transplanted ; the preceding paper )] into rat hepatocytes (which are degraded at rates comparable with those observed in vivo). However, heterologously transplanted MOM proteins are destroyed at significantly slower rates than proteins internalized by endocytosis.
Materials and methods Materials
NaB3H4 (5-20 Ci / mmol), [U-_4C] [3H] pargyline for 60min at 300C. After the incubation, the MOM-vesicle suspension was exhaustively dialysed for 18 h at 4°C against HBSS without Ca2+ or Mg2+, supplemented with 5 pM-pargyline. Reductively methylated MOM vesicles were prepared with NaB3H4 (5-20Ci/mmol) by the method of Tack et al. (1980) , modified by the use of 0.4,umol of formaldehyde/mg of protein and 1 mCi of NaB3H4/mg of protein. After reductive methylation the MOM vesicles were washed by centrifugation in 40 ml of phosphate-buffered saline (Dulbecco & Vogt, 1954 Fluorescein-labelled MOM vesicles were prepared by incubating vesicles (10mg of protein) in 1 ml of 0.05 M-Na2CO3 buffer, pH 8.5, with 0.1 mg of fluorescein isothiocyanate isomer I (Sigma) for 30min at 00C. The membranes were washed in 40ml of phosphate-buffered saline and collected by centrifugation on to a cushion (1 ml) of 2.2 M-sucrose. The fluorescein-labelled MOM was dialysed against HBSS without Ca2+ or Mg2+ at 40C for 18h.
Fusion
MOM vesicles were fused to HTC cells by a modification of the method used by Baumann et al. (1980) . In a typical fusion procedure, monolayer cultures of hepatoma cells (yielding approx. 108 cells) were treated with trypsin/EDTA solution (Gibco; 1 mg of trypsin/ml; 0.4 mg of EDTA/ml) for 2 min at 370C. The suspended cells were washed once with growth medium and three times with phosphate-buffered saline (lOml) . To the packed cell pellet was added 0.2 ml of freshly prepared and dialysed MOM suspension (1-3mg of MOM protein/108 cells per fusion). The components were mixed thoroughly by swirling and 0.6 ml of 50% (w/v) PEG-1000 (BDH Chemicals) in serum-free medium were added. The pH of the PEG-1000 solution was adjusted immediately before use to pH 7.2 with 0.1 M-NaOH. The cell-MOM fusion Degradation of transplanted proteins mixture was incubated for 5 min at 370 C and then 15 ml of serum-free medium was added. After a further 2 min the cells were collected by centrifugation and washed twice with EMEM containing penicillin G (lOO,ug/ml) and streptomycin (60,ug/ ml (ii) Differential centrifugation of homogenized cells. Cells were harvested as described above and washed by centrifugation in 0.25 M-sucrose/3 mMimidazole buffer, pH 7.4. The cell pellet was resuspended in the same solution to a density of 2 x 107cells/ml. Experiments were performed with 107-109 cells. Cells were homogenized by 30-40 strokes of a 3ml ground-glass homogenizer (Jencons, Hemel Hempstead, Herts., U.K.). Fractionation by differential centrifugation was performed as described by Lopez-Saura et al. (1978) .
Biochemical assays
Monoamine oxidase (EC 1.4.3.4) activity was assayed in duplicate by adding 501 samples to 100,ul samples of 20mM-potassium phosphate buffer, pH 7.4, containing 0.5 mM-[14C]tyramine (1mCi/mmol) and incubating at 300C for 30min. The reaction was carried out in plastic scintillation-vial inserts (Hughes and Hughes, Romford, Essex, U.K.) and terminated by the addition of 100l1u of 2 M-HCI. Blank vials were prepared by adding the acid before incubation. A 3 ml portion of 1% (w/v) diphenyloxazole in toluene/ethyl acetate (1: 1, v/v) was added to each vial insert and the radioactive product was extracted into the upper non-aqueous phase by vortex-mixing for min. Extraction efficiency of the products into the upper organic phase was >98% and was not corrected for. Assays were linear with time and protein concentration.
The following subcellular markers were also assayed: alkaline phosphodiesterase I (EC 3.1.4.1) (Beaufray et al., 1974) , acid phosphatase (EC 3.1.3.2) (De Duve et al., 1955) , succinate dehydrogenase (EC 1.3.99.1) (Pennington, 1961) and N-acetyl-f-D-glucosaminidase (EC 3.2.1.30) (Sellinger et al., 1960) . Protein was determined by the method of Lowry et al. (1951) , with bovine serum albumin as standard.
Gel electrophoresis
Analysis of the labelled MOM proteins was exactly as described by Laemmli (1970) and the radioactivity was detected by fluorography (Bonner & Laskey, 1974) .
Fluorescence microscopy
Hepatoma plasma-membrane proteins were labelled with fluorescein by incubating cells for 1 min at 40C with 1ml of 0.05M-Na2CO3 buffer, pH8.5, containing 0.1 mg of fluorescein isothiocyanate isomer I (Sigma). The cells were then washed by centrifugation four times in HBSS (lOml) before plating out. Cells for fluorescence microscopy were fixed by immersing them in glutaraldehyde (2%, v/v) for 5 min and then in glycerol (50%, v/v Reductive methylation modified (to give monoand di-methyl-lysine) 19.3% of the MOM-vesicle lysine groups (amino acid analyses; results not shown) and resulted in a 5.3 + 3.3% (n = 6) inhibition of monoamine oxidase activity. Fractionation of the labelled membranes into a protein fraction, a glycolipid fraction and a phospholipid fraction (Bligh & Dyer, 1959) resulted in 86.5% of the radioactivity remaining in the protein fraction (results not shown). [3HlPargyline is a suicide inhibitor of monoamine oxidase and becomes covalently bound to the flavin moiety of the enzyme, which is also bound covalently to one of the enzyme polypeptide chains (Swett et al., 1963; Cawthon et al., 1980) .
Fusion ofMOM vesicles to HTC cells
The conditions employed for the fusion of MOM vesicles to HTC cells are similar to those used by others to incorporate biologically active plasma- membrane proteins from rat liver into the plasma membrane of mouse fibroblasts (Doyle et al., 1979; Baumann et al., 1980) . In a typical fusion, 1-3 mg of MOM protein was presented to 108 cells. The protein content of the cells was 800pg/cell, which is higher than for cells growing in suspension (LeroyHouyet et al., 1979; McDonald & Gelehrter, 1981) . After fusions the cells were washed and plated out. Approx. 90% of the cells remained adherent to the culture plates at 4 h after fusion.
The trichloroacetic acid-insoluble radioactivity associated with these cells was approx. 20% of that in labelled MOM presented to the target cells in the fusion. Transplanted MOM protein constituted approx. 6% of the protein content of the hepatoma cell plasma membrane (Leroy-Houyet et al., 1979) . The fusion was PEG-dependent and was not inhibited at 0°C (Table 1) . Pretreatment of the cells with PEG and subsequent removal before adding labelled MOM gave a much lower fusion efficiency. Depletion of intracellular ATP by incubating the cells for 30min in the presence of NaN3 and deoxyglucose, which effectively inhibits endocytosis and micro-pinocytosis (Karnovsky, 1962; Ryser, 1968; Poste & Papahadjopoulos, 1976) apparently increased fusion efficiency (Table 1) . However, the ATP-depleted cells were extremely difficult to resuspend between washings and the apparent increased fusion efficiency was due in part to incomplete washing of the more aggregated cells.
Preliminary experiments showed that the radioactivity associated with the cells immediately after fusion was due to several components (Table 2) . At 4h after fusion, approx. 18% of the radioactivity associated with the cells immediately after fusion could be recovered by centrifuging the medium at 200g.min. Phase-contrast microscopy of the pelleted material showed the presence of cells, a large proportion (>75%) of which were not viable by the Trypan Blue-exclusion test. Acid-insoluble radioactivity was also present in the medium supernatant, which may be due to unfused MOM vesicles released from the cell surface as the cells adhere to the culture dish (Table 2) . Medium used to culture the cells for 24 h (after the initial 4 h period) contained little radioactivity in either a 200g min pellet (<1% of the initial cell-associated radioactivity) or in unpelleted trichloroacetic acidinsoluble radioactivity (<0.1% of the initial cellassociated radioactivity). Total acid-insoluble radioactivity converted into acid-soluble radioactivity over 4 h was 19%. However [3H]pargyline/fluoroscein-labelled MOM (----) (Fig. 2a) . The mean half-life obtained for ten separate fusion experiments using P3Hlmethylated MOM was 24.9 + 3.3h (mean + S.D.).
[3H]Pargyline-derivatized monoamine oxidase in MOM vesicles fused to the cells showed a similar rate of degradation, with a half-life of 24h (Fig. 2b) . The mean half-life for six separate fusion experiments using [3Hlpargyline-labelled MOM was 25.1+5.2h (mean+S.D.). Release of [3H]pargyline-containing acid-soluble degradation products into the medium lagged behind the loss of trichloroacetic acid-insoluble radioactivity within the cell; correspondingly, [3H]pargyline-containing acidsoluble radioactivity accumulated within the cell (results not shown).
Degradation ofendogenous HTC cell proteins
Endogenous cell protein is degraded with a half-life of 91 h when measured after labelling cell proteins for 18h in the presence of 13Hileucine (Fig.   3a) .
Degradation of HTC-cell plasma-membrane proteins After [1251liodination of the plasma-membrane proteins (Baumann et al., 1980) , acid-insoluble 1251 go is lost from the membrane with a half-life of 95 h (Fig. 3b) . This is in excellent agreement with the half-life of 100h obtained by Baumann & Doyle (1978) for the plasma-membrane proteins of HTC cells in suspension culture.
Fluorescent localization oftransplanted MOM
Fluorescein-labelled MOM vesicles were used to assess the distribution and subcellular fate of transplanted MOM material. Fluorescence microscopy of cells 15min after fusion with fluoresceinlabelled MOM is shown in Fig. 4(a) . The patches of fluorescein-labelled MOM material observed in cells after transplantation (Fig. 4a) shown). At 1 h after fusion (cells maintained at 37°C) the patches appeared to have formed into larger caps (Fig. 4b) . Subsequently, the caps disappeared (1-8 h) and no strong punctate fluorescence Vol. 216 (Pittman et al., 1979) and 7b) was distributed in a similar pattern to the plasma-membrane marker enzyme alkaline phosphodiesterase (Fig. 7f) . The highest specific radioactivity of material 48 h after fusion of either (Figs. 8a and 8b ) to the distribution of the plasma-membrane marker (Fig. 7f) . The distribution of acid-insoluble radioactivity in cells fused with ['4C]sucrose-labelled MOM 48h (Fig. 8d) after fusion is not the same as for acid-insoluble radioactivity derived from reductively [3H]methylated or [3H]pargyline-labelled MOM (Figs. 7c and 7d) , but resembles the distribution of lysosomal marker enzymes (Figs. 7g and 7h ). This may be explained by the acid precipitation of some degradation products of [14C]sucrose-labelled MOM proteins (Pittman et al., 1979) .
The distribution of acid-insoluble radioactivity in subcellular fractions 48 h after labelling the hepatoma-cell surface with [14C]sucrose (Fig. 8c) is not the same as acid-insoluble radioactivity derived from [14C]sucrose-labelled MOM (Fig. 8d) , with more than 50% of the acid-insoluble radioactivity in the 'N' fraction. The acid-insoluble 14C radioactivity is clearly not associated with the cell plasma membrane (Fig. 7f) , but is rapidly internalized within the cell (Fig. 4c) . The acid-soluble [14C]-sucrose-containing degradation products of [14C]-sucrose-conjugated proteins accumulate lysosomally (Pittman et al., 1979) . Therefore lysosomal involvement in the degradation of proteins can be inferred from the distribution of acid-soluble [14C]-sucrose label. Both ["4C]sucrose-conjugated MOM and plasma-membrane proteins are degraded to acid-soluble products (Figs. 8e and 8f) , which distribute on cell homogenization like acid phosphatase (Fig. 7g) . Acid-soluble products account for 50% of the total cellular radioactivity 48h after fusion of [14C]sucrose-conjugated MOM and 30% of the total cellular radioactivity 48 h after labelling plasma-membrane proteins.
The average rates of degradation of both transplanted MOM proteins and endogenous plasma- (1) albumin for 18 h. After washing, the rate of destruction of endocytosed bovine serum albumin (0.21 % of added bovine serum albumin) was measured (Fig. 9) . Approx. 50% of the endocytosed radiolabelled material was degraded to acid-soluble products in 6 h.
Discussion
The transplantation of MOM-vesicle proteins in the hepatoma-cell plasma membrane was entirely dependent on the presence of PEG (Table 1) . The procedures used in this deliberate miscompartmentalization are similar in principle to those employed by Doyle et al. (1979) and Baumann & Doyle (1980) to transfer rat liver plasma-membrane proteins into the surfaces of hepatoma cells and mouse fibroblasts.
The purpose of transplantation ; the preceding paper (Evans & Mayer, 19831 or microinjection of proteins (Loyter et al., 1975;  . Such a modification is infrequently critical for activity (for MOM, reductive methylation only inhibits monoamine oxidase by 5%) or protein conformation; indeed, the pK of lysine is only altered slightly (0.4-0.6 pH unit) by the formation of dimethyllysine residues (Means, 1977 fate of deliberately miscompartmentalized MOM proteins heterologously transplanted into hepatoma cells by PEG-mediated MOM-vesicle-cell fusion. The experiments were carried out in order to compare the intracellular fate and eventual destruction of this heterologously transplanted MOM material with MOM vesicles homologously transported by similar methods into rat hepatocytes . In hepatocyte monolayers maintained under culture conditions that mimic rates of intracellular proteinolysis observed in vivo )1 is remarkably similar (i.e. mitochondria, t4 average, 72.5 h; MOM proteins, t4 average, 60-70h; monoamine oxidase, ti 55 h) to the measured rates in rat liver in vivo (Russell et al., 1980; Russell et al., 1982) . In contrast, both heterologous transplanted reductively [3H]methylated MOM proteins and [H Ipargyline-derivatized monoamine oxidase are destroyed at a faster rate, with an approx. ti of 24 h.
The fate of the heterologously transplanted MOM was observed, after labelling MOM with fluorescein isothiocyanate, by fluorescence microscopy. The behaviour of the fluorescent material is analogous to the patching and capping of cross-linked membrane proteins observed in lymphocytes (Bourguignon & Singer, 1977) , although in hepatoma cells no strong fluorescence was observed in vacuoles after capping. This type of behaviour was not observed when fluorescein-conjugated rat liver MOM vesicles were homologously transplanted to rat hepatocytes (P. J. Evans & R. J. Mayer, unpublished work) , where the fluorescent material accumulated in vesicles in a perinuclear position without initial surface capping. The different fate of fluorescent MOM in the hepatoma cells and the hepatocytes may reflect the heterologous and homologous transplantation to the target cells. The different response may be due to differences in the composition and surface micromorphology of the plasma membrane of hepatoma cells and hepatocytes. The membrane of the hepatoma cells may have altered fluidity and relationship to the cytoskeleton. Several reports have described the altered lateral mobility of plasmamembrane molecules in transformed cells (Poste et al., 1975; Ben-Bassat et al., 1977; Eldridge et al., 1980) , including the capping of patches of aggregated membrane proteins (Zucker-Franklin et al., 1979) .
Accelerated degradation of fluorescein-conjugated proteins relative to their iodinated counterparts has been observed (Zavortnik et al., 1979) , but the rate of destruction of [3Hlpargyline-labelled monoamine oxidase (Fig. 2b) Different modifications of transplanted MOM proteins or endogenous HTC cell plasma-membrane proteins do not affect average protein degradation rates (Figs. 2, 3 and 5).
Reductively [3H]methylated MOM proteins and
[3Hlpargyline-labelled monoamine oxidase are destroyed at rates comparable with those observed in vivo (Russell et al., 1980 when transplanted into hepatocytes ; the preceding paper ]. However, when transplanted into HTC cells the same preparations are destroyed approx. 2.5-fold faster. Therefore the information in the liver MOM that determines the rate of intrinsic protein destruction is interpreted differently.
